One of the water stress-specific cDNA clones of rice characterised previously, wsil8, was selected for further study. The wsilS gene can be induced by water stress conditions such as mannitol, NaCl, and dryness, but not by ABA, cold, or heat. A genomic clone for wsilS, pwsilS, contained about 1.7 kbp of the 5' upstream sequence, two introns, and the full coding sequence. The 5-upstream sequence of pwsilS contained putative cry-acting elements, namely an ABA-responsive element (ABRE), three Gboxes, three E-boxes, a MEF-2 sequence, four direct and two inverted repeats, and four sequences similar to DRE, which is involved in the dehydration response of Arabidopsis genes. The gusA reporter gene under the control of the pwsilS promoter showed transient expression in response to water stress. Deletion of the downstream DRElike sequence between the distal G-boxes-2 and -3 resulted in rather low GUS expression.
Water stress is an important physiological phenomenon affecting the vegetative and reproductive life of plants. Although it is a natural process in the production of seeds during embryo maturation, severe desiccation during the vegetative stage in the life cycle can be fatal. It has been observed that exposure to desiccation during a plant's vegetative or reproductive stage triggers molecular changes that are apparently identical to these observed during embryo maturation. The functional role of the genes triggered in response to water stress is yet to be established. In our previous study, we showed that many genes in rice are induced when seedlings are exposed to 0.5 M mannitol for thirty minutes or more (Takahashi et al. 1994) . In physiological experiments, we were also able to establish that, in a chilling-sensitive rice variety, brief exposure to water stress can Abbreviations: GUS, bata-glucuronidase; LEA protein, late embryogenesis abundant protein.
The nucleotide sequence reported in this paper has been submitted to the DDBJ/EMBL/GeneBank Nucleotide Sequence Databases under the accession number AB001682. 3 To whom correspondence should be addressed. Fax number, + 81-185-45-2678; e-mail, kitagawa@ampm.apca.ac.jp help make seedlings chilling tolerant and that this induction is independent of abscisic acid (ABA) (Takahashi et al. 1994) . We suggest that brief exposure of rice to water stress can induce chilling tolerance in the same way that cold acclimation induces freezing tolerance in other plants (Guy 1990 , Thomashow 1990 . So far, more than 30 genes induced by water stress have been reported (Baker et al. 1988 , Close et al. 1989 , Harada et al. 1989 , Guerrero et al. 1990 , Piatkowski et al. 1990 , Bartels et al. 1992 , Cohen and Bray 1992 , Yamaguchi-Shinozaki and Shinozaki 1992 , and almost all of them are also induced by ABA. According to the developmental stage or the external stimuli applied, these proteins are described as LEA (late embryogenesis abundant), RAB (responsive to ABA), or dehydrin (dehydration-induced) proteins. There are reports that some genes can be induced by dehydration but are unresponsive to exogenous ABA (Guerrero et al. 1990 , Yamaguchi-Shinozaki and Shinozaki 1993 , Takahashi et al. 1994 , Iuchi et al. 1996 . Water stress-inducible genes in Arabidopsis have been shown to be regulated by two separate signal pathways, one of which is ABA-independent (Yamaguchi- . These observations suggest the existence of both ABA-dependent and ABA-independent signal transduction cascades between the initial signal and subsequent expression of specific genes. A detailed understanding of the structure and function of these genes would provide future guidelines for the improvement of agronomically important characteristics, such as chilling tolerance induced by water stress, in rice. In our previous communication, we reported the isolation of cDNAs screened by water stress-induction and ABAindependence (Takahashi et al. 1994) . The ws/18 gene showed increased expression in rice seedlings during chilling after water stress treatment and had a conserved amino acid sequence highly homologous to some LEA-group genes induced by water stress (Takahashi et al. 1994) . In the present study, in order to understand water stress regulated gene expression in rice, a genomic clone (pwsilS) corresponding to the ws/18 cDNA was isolated and sequenced, and the transient expression of the GUS reporter gene fused to thepws/18 promoter was studied.
Materials and Methods
Plant materials, chemicals and physical treatmentsWasetoitsu (Oryza saliva cv. Josaeng Tongil) is a less chillingtolerant hybrid rice variety developed in the Republic of Korea. It is a cross between Indica (IR8) and Japonica (Yukarax Taichung). Somewake is a chilling-tolerant Japonica rice variety. Seedlings and culture cells were prepared as described previously (Takahashi et al. 1994 ). For treatment with mannitol, ABA, or NaCl, rice seedlings at the three leaf-stage were transferred to fresh liquid Hoagland's medium [5 mM Ca(NO 3 ) 2 , 5 mM KNO 3 , 2 mM MgSO 4 , and 0.025 mM FeSO 4 -EDTA in tap water] containing 0.5 M mannitol, 20/OA ABA or 0.25 M NaCl at 25°C. For chilling and heat treatment, the seedlings were transferred to fresh Hoagland's medium and treated at 4°C and 42 C C, respectively. For dehydration, the seedlings were air-dried on a clean bench.
Northern and Southern blot analysis-Total RNA was prepared as described by Nagy et al. (1988) . For Northern analysis, 20 fig total RNA was fractionated on 1.2% denaturing formaldehyde agarose gels. The RNA was transferred to Hybond-N membrane using 20xSSC (Sambrook et al. 1989 ). High-molecularweight genomic DNA was isolated from the rice seedlings at the three leaf-stage using a procedure based on CTAB (cetyltrimethylammonium bromide) extraction (Roger and Bendich 1988) for plant DNA isolation. Genomic DNA (20/ig lane" 1 ) was completely digested with EcoRl, Hindlll, and ATiel for 16 h and subjected to electrophoresis in 0.8% agarose for 8 h at IV cm"" 1 . After depurination of DNA within the gel in 0.25 M HC1 at 25°C for 30 min, the DNA was transferred to a nylon membrane (Hybond-N, Amersham, U.K.) by the alkaline transfer method, as suggested by the supplier (Amersham, U.K.). Prehybridization and hybridization was performed using a rapid-hybridization buffer (Amersham, U.K.), and the probe cDNA for ws/18 was 32 P-labeled by the random primer method, as suggested by the manufacturer (Amersham, U.K.).
Isolation and subcloning of a genomic clone of wsil8, pwsiJ8 -A genomic library of rice, Oryza saliva cv. IR36, obtained from Clontech (Palo Alto, U.S.A.) was used to isolate the genomic clone. The library was screened with 32 P-labeled wsilS cDNA as a probe, using standard methods. One of the recombinant phages that hybridized with the wsilS probe was further characterized by restriction enzymes. A Hindlll fragment (2.8 kbp) covering the wsi\S coding sequence was subcloned in the sense and antisense directions into the vector pUC119. The recombinant plasmids were named pwsi\8-H4 (sense) and/?w.»18-Hl (antisense).
Sequencing was performed by the dideoxynucleotide chaintermination method of Sanger et al. (1977) , using deletion subclones as described previously (Takahashi et al. 1994) . The deletion plasmids produced from pwsil8-H4 were sequenced on both of the strands. Single-stranded plasmid DNA was produced from Escherichia coli strain MV1184 using the helper phage M13KO7 (Sambrook et al. 1989) . Analysis of the DNA sequence was performed using GENETYX software (Software Development Co., Japan).
Identification of the transcription initiation site by primer extension assay-A 29-mer oligonucleotide (corresponding to positions +105-+133 in the genomic clone covering the translation initiation site modified to the BamHl site) was end-labeled with 32 PdATP and hybridized to 1.5//g of poly(A) + RNA isolated from water stressed rice plants. Primer extension was performed essentially as described by Sambrook et al. (1989) . The extended products were analyzed in a 6% polyacrylamide DNA sequencing gel using the sequence of the genomic clonepwsi!8-Hl for reference.
Construction of promoter deletion clones and transient ex-
pression assay-For promoter deletion analysis, a 1,790-bp-long promoter was amplified by the polymerase chain reaction (PCR). Plasmid pwsil8-H4, which contains a 2.8 kbp-long genomic sequence cloned at the Hindlll site of pUC119, was used as a template, and the following two oligonucleotide primers were used for the PCR reaction (bases in boldface are modified base pairs, and underlined bases represent the BamHl restriction site introduced by the mutant oligonucleotides): back primer, 5-AT-CGAAGCTTGAGTCATAG-3' (19-mer) and forward primer, 5-GAAGGGATCCCAAACTTGGCTGGAATCAC-3' (29-mer). As there is no suitable restriction site at the 3'end, thepwj(18-H4-forward primer was used to create a BamHl site. The BamHl site falls right on the first ATG (initiation codon) of the coding sequence. PCR product was subcloned in the pT7Blue(R)T vector and sequenced to confirm the cloning of the pwsi\% promoter.
The PCR fragment described above was subcloned into the respective homologous sites of pBI221 obtained from Clontech (Palo Alto, U.S.A.) by removing the CaMV 35S-promoter from the original plasmid. This plasmid was called 18-Pro and used to construct other deletion clones. Since sequencing revealed three Pmll sites, which constitute the core sequence of the G-box believed to be related to the regulation of stress-induced genes (Schindler et al. 1992 , William et al. 1992 , Pla et al. 1993 , Baker et al. 1994 , Dolferus et al. 1994 , partial digestion with Pmll was performed to create three clones, designated 18-dl, -d2, and -d3 (deletion positions are shown in Fig. 6 ). Another two deletion clones, 18-d4 and 18-d5, were obtained by restricting the promoter with San (-564), Sphl (-456), and Smal (-270), respectively. The plasmid 18-Pro contains a 1,666-bp region upstream from the transcription initiation site and 123-bp of the untranslated leader sequence.
Rice suspension culture cells (Oryza sativa cv. Blue Bonnet) were maintained by subculturing at one-week intervals, as described previously (Takahashi et al. 1994) .
The expression of GUS by water stress conditions was examined in rice suspension culture cells containing the 18-Pro plasmid introduced by particle bombardment (Shen et al. 1993) . Particles for bombardment were prepared in a mixture that included 3 mg gold particles (1 /im diameter), 10/ig 18-Pro plasmid DNA, 1 M CaCl 2 , and 15 mM spermidine. After shaking for 3 min at room temperature and brief centrifugation, the precipitate was resuspended in 20 fi\ 100% ethanol and loaded onto a microcarrier. A petri dish with rice suspension culture cells was positioned 5 cm from the stopping screen, and bombardment was conducted under partial vacuum using disks that were ruptured by a pressure of 900 psi. The bombarded cells were divided into culture medium or R2P (Ohira et al. 1973 ) with or without 0.5 M mannitol or 100 ftM ABA, and then incubated for 4 h at 28°C or 4°C. The culture medium was decanted and replaced by a staining solution containing 1.9 mM 5-bromo-4 chloro-3-indoyl-beta-D-glucuronic acid (Xgluc) in 50 mM phosphate buffer (pH 7.0), 10 mM EDTA, 0.1% Triton X-100, 0.1% Sarcosyl, 10 mM 2-mercaptoethanol, and 20% methanol. After incubation at 37°C for 4 h, blue cells expressing beta-glucuronidase (GUS) activity could be observed.
GUS expressions using various deletion promoters was determined by using rice protoplasts containing plasmids introduced by electroporation. Rice protoplasts were prepared from six-day-old rice suspension culture cells using an enzyme solution for 5 h in the dark at 28°C (Masuda et al. 1989) . After digestion of the cell wall, the protoplasts were filtered through a 20-fim nylon mesh (HD 20: Nippon Rikagaku Kikai, Japan) and washed twice with filter-sterilized electroporation buffer (Tada et al. 1990 ). Rice protoplasts (8 x 10 6 cells) were mixed with 20 fig of plasmid DNA and electroporated at 800//F with a 500 V cm" 1 , 30 ms pulse using an apparatus constructed by the authors. After incubation for 30 min on ice, the protoplast solution was placed on a millicell (Millipore) surrounded by 15 ml of R2P medium and then incubated for 24-36 h at 28°C in the dark. After incubation, the protoplasts were pelleted and then sonicated in 200 ml of lysis buffer (Jefferson 1987) . The sonicate was cleared by centrifugation (15,000 x g for 5 min). GUS activity in the protoplast extracts was assayed by fluorometric quantitation of 4-methylumbelliferone produced from the glucuronide precursor using a standard protocol (Jefferson 1987) . Total protein quantification was performed by the method of Bradford (1976) .
Results

Regulation of wsil8 gene expression by water stress-
Rice seedlings of the chilling-sensitive variety Wasetoitsu can acquire chilling tolerance when their roots are treated with 0.5 M mannitol for 1 h, but can not with 20 fiM ABA treatment for 2 h (Takahashi et al. 1994 ). The level of WOT' 18 transcripts (~1 kb) in leaves of Wasetoitsu seedlings increased time-dependently under water stress conditions, 0.5 M mannitol, 0.25 M NaCl, and dryness, but not in the presence of 20 /iM ABA, cold (4°C), or heat (42°C) (Fig. 1A) . A transcript smaller than the wsilS transcript which was hybridized with the WOT 18 gene was detected at 4°C at 6-24 h. It seems that one of the genes induced by chilling has a sequence similar to that of ws/18 gene induced by water stress; however, we have not found such a gene in the DNA database so far. WOT18 transcripts were de- (Fig. 1) . To investigate the mechanism regulating the expression of the HOT18 gene, we cloned and analyzed a genomic clone corresponding to ws/18.
Cloning and sequence analysis of genomic clone pwsil8-To determine the genomic organization of the WOT18 gene in chilling-tolerant and -sensitive rice varieties, we performed genomic Southern blot analysis. The restriction enzymes EcoRl and Hindlll did not cut within the genomic clone, but Nhel cut at position +149 (see Fig. 3a ). In genomes of both Wasetoitsu and Somewake seedlings, analysis using the entire cDNA as a probe revealed two strong bands in iscoRI-digested DNA and one strong band in Hindlll-and Miel-restricted DNA (Fig. 2) . Because all the DNA fragments detected were present in both the genotypes, there appeared to be no major differences in their organization (Fig. 2) . The MOT 18 genomic clone was isolated from a commercial genomic library of rice, Oryza sativa cv. IR36, by hybridization using WOT' 18 CDNA as a probe. IR36 contains part of the genome of IR8, which is one of the parent strains of Wasetoitsu. The HOT 18 genomic clone was completely sequenced on both strands (Fig. 3b) . A comparison of the pwsi\% sequence with the corresponding cDNA indicated that the sequence which perfectly matches with the cDNA sequence is interrupted by two introns of 111 and 98bp, designated introns 1 and 2, respectively, in the sequence of MOT' 18 (Fig. 3a) . The introns showed conserved GT-AG intron border sequences (Fig. 3b) .
Previously, we reported one large and one small pair of amino acid repeats in the amino acid sequence of WSI18 protein (Takahashi et al. 1994) . Ten 11-mer repeats were found in the coding reagion. Fig. 4a shows the alignment of the 11-mer repeating units for WSI18 protein. These repeats showed a chemical consensus pattern (Fig. 4b ) similar to that outlined by Dure III (1993) and covering almost the entire sequence between the two introns. A hydropathy plot of the coding region revealed that WSI18 protein is a highly hydrophilic protein (data not shown).
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In the 5' upstream region, the start of transcription determined by primer extension is designated +1 in Fig. 3b . As expected, there is a putative TATA box, TATAAA, about 30 bp upstream from this site (position -33), and there are also a number of repeated sequences, with three G-boxes, CACGTG, at positions -75, -1,030, and -1,273. G-box elements comprise a family of cis-acting sequences that have been shown to be involved in the regulation of gene expression in response to a variety of factors, including light, ABA, and drought (Schindler et al. 1992 , William et al. 1992 , Pla et al. 1993 , Baker et al. 1994 , Dolferus et al. 1994 . In addition, a classical ABRE sequence (CCTACGTGGC), which is involved in the ABA response (Mundy et al. 1990 , Pla et al. 1993 , is present at position -108. Furthermore, there is repeat a (CAGCACATGC) at positions -9 5 and -4 2 3 , repeat b (TAAAAAATAA) at positions -905 and -997, repeat c (AAAAAAAGTA) at positions -1,051 and -1,596, and repeat d (GTAGTACTGG) at positions -1,178 and -1,589. There are two pairs of inverted repeats, designated IR1 and IR2. IR1 (15 bp) is located at positions 47 and -40, whereas IR2 (18 bp) is present at -1,013 and -1,268. Yamaguchi- found a c/s-acting element (DRE: TACCGACAT) involved in the dehydration response of Arabidopsis. Four DRElike sequences, AACCGACAC (DRE-1), ATTCGACAT (DRE-2), TACCGAACA (DRE-3), and TACCGGCAA (DRE-4) were found in the promoter region of pwsilS at -150, -798, -1,213, and -1,603, respectively (Fig. 3b) . A variation of the G-box called the E-box (Li and Capetanaki 1994) , with a consensus sequence 5'-CANNTG-3', is also present at three locations (-145, -562, and -724) . The sequence of the muscle-specific enhancer factor-2 (MEF-2) binding site, 5'-CTATAATAT-3' (Li and Capetanaki 1994) , is present at position -736. The placement pattern of the MEF-2 motif and two E-boxes is very similar to that of the muscle-specific gene promoter (Cullen et al. 1993, Li and Capetanaki 1994) . The promoter sequence contains a sequence resembling a c/s-acting, fluid shear-stress-responsive element (SSRE), 5-CTCTCA-GAGACC or GGTCTC-3', found in a platelet-derived growth factor gene expressed in shear-stressed vascular endothelial cells (Renick et al. 1993) as part of the inverted repeat 1. This motif in pwsi\8 is 5'-CTCTCAAGTCTC-3' and is located 8 bp upstream and 75 bp downstream from the TATA-box.
Transient expression ofthe pwsi18 promoter and deletion analysis of the promoter-To confirm the transient, water-stress induced expression of GUS gene under control of the complete pwsilS promoter, an 18-Pro plasmid was introduced into rice suspension culture cells by particle bombardment. The bombarded cells were incubated in R2P medium with or without 0.5 M mannitol or 100//M ABA at 28°C or 4°C. GUS activity was observed in mannitol-treated cells, but not in untreated, chilled, or 100 /iM ABA treated cells (Fig. 5) .
Various deletions of the 5'-upstream sequence of the pwsilS promoter were assayed for their ability to express the GUS reporter gene. For this purpose, these fusion gene constructs were introduced into rice protoplasts by electroporation. In these experiments, protoplasts were exposed to water stress conditions throughout: both the enzyme solution for the preparation of protoplasts and the electroporation buffer contained 0.4 M mannitol, and the protoplast culture medium, R2P, contained 13.7% sucrose. Under these conditions, the GUS reporter gene under the control of thepw5/18 promoter (18-Pro) yielded GUS activity which was 4-7 times lower than that obtained with the GUS gene driven by the CaMV 35S promoter (200 pmol 4 MUG (mg protein)" 1 min" 1 ). In this experiment, 18-d5 served as a control, as Smal deletes the whole promoter. This construct showed the least activity of all (Fig. 6) . The GUS activity of 18-dl, in which the fragment containing one of the downstream DRE-like sequences between distal G boxes 2 and 3 from 18-Pro was deleted, markedly decreased the activity recorded for the whole promoter to 12% (18-Pro). Deletion of the fragment containing two upstream and one downstream DRE-like sequences (DRE-1, -2, and -3) between G-boxes-1 and -3 (18-d2) resulted in lower GUS activity (6%), similar to the GUS activity of 18-dl. When the fragment containing one of the upstream DRE-like (DRE-3) sequences between distal G-boxes-2 and -3 was added to 18-d2 to construct 18-d3, GUS activity increased to 16.7% and resulted in 22.7% of total activity. Deletion of one upstream and two downstream DRE-like sequences (DRE-2, -3, and -4) constructing 18-d4 resulted in 8.6% of total activity.
Discussion
Characterization of the pwsil8 gene-We have previously reported that Wasetoitsu seedlings can acquire chilling tolerance when treated with 0.5 M mannitol for 1 h, but not with 20 fiM ABA treatment for 2h (Takahashi et al. 1994) . Acquisition of chilling tolerance in Wasetoitsu seedlings also occurs upon treatment with NaCl and sucrose for 2 h at 0.3 M and 0.5 M, respectively (data to be published elsewhere). The wilS gene in Wasetoitsu seedlings was induced by water stresses including a high concentration of mannitol, salinity, and dryness, but not by ABA, cold, or heat (Fig. 1) . From these observations, it appears that ws/18 is one of the genes conferring acquired chilling tolerance induced by water stress. However, we were unable to find any differences in restriction fragment length polymorphisms of both chilling-tolerant and chilling-sensitive rice genotypes, using the wsi\S gene as a probe. Although it was confirmed that ws/18 is induced by water stress, further studies will be necessary in order to confirm whether wsi\S is related to the expression of acquired chilling tolerance in Wasetoitsu.
The wsilS protein deduced from the sequence is characterized by high hydrophilicity and 11-mer repeating units, similar to some other desiccation-induced LEA proteins. These 11-mer repeats follow the same pattern as that outlined by Dure III (1993) . As a dehydrated cell would have a concentrated ionic environment, an ion-sequestering function for these proteins has been proposed (Dure III 1993) . In Chlorella, a unicellular green alga, the hiC6 gene, which is induced during hardening, has been shown to contain ten 11-mer repeats (Joh et al. 1995) . It is interesting to note that these 11-mer motifs are present in the stress-induced genes of a wide range of plants, from unicellular algae to dicots and monocots. On this basis, it seems possible that these 11-mer repeats may contribute to the capacity of plants to respond to water stress and perhaps make them capable of tiding over periods of severe dehydration.
Structural properties ofthe pwsi!8 gene promoter-A sequence resembling DRE, which was found in rd29A as a c/s-acting element involved in the dehydration and low temperature responses of Arabidopsis by Yamaguchi-Shinozaki and , was found at four positions in the promoter region of pwsi\S (shown as DRE-1~4 in Fig. 3b ). Other sequence elements that frequently appear among environment-inducible genes, three G-boxes (Baker et al. 1994 , Dolferus et al. 1994 ) and two inverted repeats (Yamaguchi-Shinozaki and Shinozaki 1993) , were found in the promoter region of pwsi\8. Our deletion experiments indicate that the clone containing two downstream DRE-like sequences (DRE-3 and DRE-4) and distal G-boxes (G-box-2 and -3) is capable of conferring rather high GUS activity. Yamaguchi- found that the downstream DRE works more efficiently than the upstream DRE in inducing rd29A. The function of the downstream DRE-like sequence in the control of pwsilS gene expression under water-stress conditions may be analogous to that in rd29A. However, whereas the promoter of rd29A is responsive to dehydration, ABA, and low temperature, that of pwsilS is only responsible to water stress (Fig. 5 ). Minor differences in the DRE-ike sequences between pwsilS and rd29A may be one of the main reasons for the differential responses of these two promoters to stress and hormones. Another possible reason could be due to differences in physiological state between the rice and Arabidopsis cells after treatment with low temperature, in terms of differences in water balance after low temperature treatment.
One of the most notable features of ihepwsilS promoter is the presence of the ABRE sequence (Fig. 4b) . This sequence, 5'-CCTACGTGG-3', at position -1 0 8 inpws/18, is identical to several other ABRE sequences (Marcotte et al. 1989 , Mundy et al. 1990 , Pla et al. 1993 . In thepwsi\8 promoter, a 9-bp sequence (GTGCACCTC), similar to the cis-acting sequence involved in the ABA response (CE 1) (Shen and Ho 1995) , is found at the -72 position and 26 bases downstream from ABRE, as with other ABA-responsive genes. As shown in Fig. 1 and 5 , the WOT 18 gene was induced in seedlings by water stress but not by ABA, and pwsil8 promoter in culture cells did not respond to ABA. Based on these observations, it seems possible that the ABRE is not solely responsible for ABA-mediated responses (Hollung et al. 1987) and that sequences adjacent to the CACC-core of CE 1 influence ABA-mediated responses.
